Isoprenoids, also known as terpenoids, are biosynthesized by the condensation of the two C 5 unit isopentenyl diphosphate (IPP) and isomer dimethylallyl diphosphate (DMAPP). Generally, plants use two separate pathways plastidial Methyl-erythritol-4-phosphate (MEP) and cytosolic acetate-mevalonate (MVA) pathways for formation of IPP. The genes, enzymes and intermediates of the MEP pathway have been unravelled in plants over the past few years. Interestingly, MEP pathway enzymes are encoded by nuclear genes but they function in plastids to produce precursors for isoprenes, monoterpenes, carotenoids, abscisic acid, gibberellins, and the side chain of chlorophylls, tocopherols, phylloquinones, and plastoquinone. In Arabidopsis thaliana, a complete set of genes of MEP pathway homologous to the E. coli MEP pathway genes have been identified. Although, these genes have been cloned and characterized from several other plants but overall information about them at one place is not available so far. Though, a range of reviews are available about their roles in isoprenoid biosynthesis and regulation. Therefore, we decided to compile the data on cloned and characterized genes of MEP pathway in plants. Also, we summarize the results of the previously published reports, particularly those which were based on incorporation of 13 C-glucose or by application of specific inhibitors such as mevinolin and fosmidomycin to look into the MEP pathway in plants. In addition, we searched for the two key enzymes DXS and HMGR that could be assigned for the acetate-MVA and MEP pathway with the help of bioinformatics tools. Presence or absence of these enzymes can be correlated with respective isoprenoid biosynthetic pathways in plants.
Introduction
Plant secondary metabolites viz., isoprenoids have always been fascinating for the researchers. Obviously, they are the largest and most diverse class of plant secondary metabolites (Dubey et al., 2003) . Over the years isoprenoids have been exhaustively investigated. There are many research papers, reviews, commentaries and books are available covering various aspects of isoprenoids viz., biosynthesis and regulation and functions in plants and microorganisms (Croteau, 1987; Rohmer, 1999; 2003; Lichtenthaler, 1999; Lichtenthaler, 2001; Eisenreich et al., 1997; Rodrıguez-Concepcion and Boronat, 2002; Chemler et al., 2006; Cheng et al., 2007) . Isoprenoids are multifunctional; they play very important roles in membrane structure, redox reactions, light harvesting and photo-protection, and regulations of growth and development. They not only perform various roles in the plant's life such as, plantenvironment, plant-insect, plant-microorganism and plant-plant interactions but they became an essential part of our life as medicines, flavours, fragrances, cosmetics, dyes, insecticides and more (Verpoorte et al., 2002; Harborne, 2001; Dixon, 2001 ). Currently, isoprenoids are being used as anti-cancer and antimicrobial drugs for example artimicinin as a powerful antimalarial (Dhingra et al., 2000) and taxol as anti-cancer (Cragg et al., 1997) agents.
Despite the great deal of structural and functional diversity all isoprenoids are synthesized by consecutive condensation of common C 5 isoprene precursor; isopentenyl diphosphate (IPP) and its isomer dimethylallyl diphosphate (DMAPP). IPP therefore is regarded as the universal precursor of all the isoprenoids. IPP, in turn is biosynthesized in two different sites via two separate and independent biochemical pathways: 1. Cytosolic acetate-MVA pathway and 2. Plastidial Methylerythritol 4-phosphate (MEP) also called as 1-deoxy-Dxylulose 5-phosphate (DOXP) or glyceraldehyde-3-phosphate-pyruvate (GAP-Pyruvate) pathway (Fig. 1) . In the present article, the pathway is described as MEP pathway. In general, acetate-MVA pathway produces sesquiterpenes and triterpenes while MEP pathway produces monoterpenes, sesquiterpenes, diterpenes, tetraterpenes, plastoquinone and prenyl side chains of chlorophyll.
In brief, MEP pathway ( Fig. 1) begins with the formation of 1-deoxy-D-xylulose 5-phosphate (DOXP/ DXP) by the condensation of pyruvate and glyceraldehyde 3-phosphate catalysed by DOXP synthase (DXS, i36 Ganjewala et al. (CDP-ME), 4-diphosphocytidyl-methylerythritol (CDP-MEP) and methyl-erythritol 2,4-cyclodiphosphate (ME-cPP). These reactions are carried out by CDP-ME synthase (CMS, EC 2.7.7.60), CDP-ME kinase (CMK, EC 2.7.1.148) and ME-cPP synthase (MCS, EC 4.6.1.12). Methylerythritol 2,4-cyclodiphosphate (ME-cPP) then converted to hydroxymethylbutenyl 4-diphosphate (HMBPP) by an enzyme hydroxymethylbutenyl 4-diphosphate synthase (HDS, EC 1.17.4.3). HMBPP is finally converted into a mixture of IPP and DMAPP by the enzyme HMBPP reductase (HDR, 1.17.1.2) (Eisenreich et al., 2001; .
At present, the genes encoding enzymes of MEP pathway with homology to the E. coli MEP pathway enzymes haven been identified from variety of plants including Arabdopsis thaliana (http://www.Arabidopsis. org). The present review is aimed to provide the information on these cloned and characterized genes of MEP pathway in plants. Basically, the idea to compile the information on MEP pathway genes came from a very likely article on cloned genes of acetate-MVA pathway in plants by Scolink and Bartley (1996) . The information about cloned genes of MEP pathway in one piece would be helpful to home in to isoprenoid biosynthesis. The results presented here were derived through online search and analysis (http://www.ncbi.nlm.nih.gov/; http:// www.tigr.org/). In addition, published literatures were also taken in account such as those describe application of 13 C-glucose-Nuclear Magnetic Resonance (NMR) spectroscopy for elucidation of MEP pathway in plants. In addition, we took the help of bioinformatics tools to search DXS and HMGR, two key enzymes of their respective pathways to investigate these pathways in plants.
C-glucose-NMR spectroscopy provides clues for the MEP pathway
The potential of using 13 C-glucose-NMR spectroscopy to elucidate metabolic pathways in plants has long been recognized. Early efforts relied on NMR spectra of metabolites which were related to the underlying pathways used to create them (Jeffrey et al., 1991) . NMR spectra have also been used to elucidate the flux through metabolic pathways (Bacher et al., 1998; Kelleher, 2001 ). The use of in vivo 13 C-NMR spectroscopy to study the biosynthesis of secondary metabolites in plants has been well documented previously (see Table 2 ). Useful clues to the origin of the carbon atoms of isoprenoids in bacteria and for the elucidation of the MVA independent route were obtained from labeling experiments using 13 C-glucose with Zymomonas mobilis, a facultative anaerobic and fermentative bacterium (Sprenger, 1996) . The use of NMR spectroscopy in plant secondary metabolism has been hampered mainly because of very low concentration of the secondary metabolites, and the pathway leading to isoprenoid formation are often branched hence the 13 C-label of early precursors is diluted into several metabolites at the end. These difficulties in resolving the origin of Isoprenoid units could be overcome by NMR analysis of extracts or isolated compounds. To investigate the biosynthetic origin of isoprenoid building blocks of secondary metabolites, the pathway-independent precursor 13 C-glucose, which produces distinctly different labelling patterns of the individual isoprene units for the MEP and MVA pathways is generally employed (Rohmer, 1999) . Given that glucose is a general intermediary metabolite, the isotope from the proffered carbohydrate can be diverted to virtually all metabolic compartments and intermediates in plant cells (Eisenreich et al., 2004) .
The biosynthetic origin of a considerable number of primary and secondary plant terpenoids has been and currently being reinvestigated using 13 C-glucose-NMR spectroscopic technique in higher and lower plants (liverworts). Table 1 provides the information on application of 13 C-NMR spectroscopy to elucidate the MEP pathway in plants. The data show that a wide variety of monoterpenes, diterpenes and sesquiterpenes (germacrene) are biosynthesized predominantly via the MEP pathway. Beside the analysis of these published reports on MEP pathways, our online database search for DXS and HMGR the key regulatory enzyme respectively of MEP and acetate-MVA pathways further provided the clue for the operation of either of these pathways in plants. Table 2 provides information on distribution of DXS and HMGR enzymes in plants. This information was collected online from http://www.ncbi.nlm.nih.gov/.
Cloned genes of MEP pathway
Our knowledge and understanding about the biosynthesis and regulation of isoprenoids in plants has been tremendously increased during the past two decades. As a result, genes encoding enzymes of the MEP pathway have been cloned and characterized from a several plants in the recent time. Though, several genes of the MEP pathway downstream from ispC were discovered by a strategy combining biochemical evidence with comparative genomic analysis. Please see a review by Eisenreich et al. (2004) for detailed description about the mechanism of action of enzymes of MEP pathway. Here in the Table 3 we provide information exclusive on cloned and characterized genes of the MEP pathway in plants. The information mainly comprises of GeneBank accession number, size and protein or gene name. 
Conclusion
Many pathogenic microorganisms including Mycobacterium tuberculosis and Plasmodium falciparum also operate MEP pathway for the biosynthesis of isoprenoids. In fact, isoprenoids plays crucial role in the survival of P. falciparum in host cells. Knowledge of the MEP pathway in such pathogenic microorganism is currently being exploited for the development of structurebased anti-microbial drugs by targeting the enzymes of MEP pathway. Therefore, details concerning the genes, enzymes and intermediates of the MEP pathway have become essential in achieving these goals. Currently, fosmidomycin an inhibitor of DOXP reductoisomerase (DXR) of MEP pathway has been successfully tested to hang-up isoprenoid biosynthesis in P. falciparum. Similar strategies could be employed for the development of novel herbicides (Lichtenthaler et al., 2000) . This aspect of the isoprenoids researches have a direct impact on human health, hence created much interest and awareness among the researchers in the recent years to look for new structure based drugs against more pathogenic microorganisms and weeds relying on MEP pathway. Our, knowledge and understanding about the plant secondary metabolite biosynthesis and regulation has greatly accelerated these efforts. Most certainly, comparative genomics and in combination of bioinformatics has been an aid. Cloned Genes of Methyl-erythritol-4-phosphate Pathway of Isoprenoid Biosynthesis in Plants i39 i40 Ganjewala et al. 
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